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ABSTRACT 


The  effects  of  sample  orientation  and  load  ratio  on  the  room-temperature  fatigue  crack  growth  and  fracture 
behavior  of  a  third-generation  gamma  titanium  aluminide  Ti-43. 5Al-4Nb-lMo-0. IB  (TNM)  were  determined  and 
compared  with  that  of  a  second-generation  alloy  Ti-48Al-2Nb-2Cr  (4822).  Both  materials  are  currently  used  as 
low  pressure  turbine  blades  in  fuel-efficient  gas  turbine  engines.  Bend  bar  specimens,  excised  from  the  as-cast 
articles  in  the  longitudinal  and  transverse  directions  to  the  casting  direction,  were  tested  at  room  temperature  in 
lab  air.  Load  ratios  in  the  range  0. 1-0.9  were  used  in  fatigue  testing  to  determine  their  effects  on  the  fatigue 
threshold,  Paris  law  slope,  and  stress  intensity  at  overload  in  fatigue.  Microscopy  and  fractography  were  used  to 
document  the  effects  of  sample  orientation  on  the  fatigue  crack  path  and  morphology.  Significant  effects  of 
changes  in  load  ratio  were  observed  on  the  fatigue  threshold  and  Paris  law  slope,  while  effects  of  sample  or¬ 
ientation  were  minimal  for  both  alloys.  The  effects  of  microstructure  length  scale  and  differences  in  micro¬ 
constituents  are  discussed  in  relation  to  the  properties  measured. 


1.  Introduction 

Gamma  titanium  aluminides  consisting  of  y-TiAl  (ordered  face- 
centered  tetragonal  Ll0  structure)  plus  a2-Ti3Al  (ordered  hexagonal 
DO i9  structure)  phases  have  emerged  as  promising  candidates  with 
attractive  mechanical  properties  (e.g.  tensile  and  creep  strength)  as  a 
replacement  for  heavy  nickel-based  superalloys  for  intermediate-tem¬ 
perature  applications  such  as  low  pressure  turbine  (LPT)  blades  of  fuel- 
efficient  jet  engines  [1,2].  The  second  generation  alloy  compositions 
can  be  generalized  as:  Ti-(45-48)Al  -  (1-3)X1  -  (2-5)Yl  -  (<  1)Z1, 
where  XI  =  Cr,  Mn,  V;  Y1  -  Nb,  Ta,  W,  Mo;  Z1  =  Si,  B,  C  (all  com¬ 
positions  expressed  in  atomic  percent).  Ti-48Al-2Cr-2Nb  (4822)  is  a 
second  generation  alloy  that  has  been  in  service  since  2011  on  GEnx™ 
engine  LPT  cast  blades.  Third  generation  alloy  compositions  can  be 
represented  as:  Ti-(42-45)Al  -  (0-10)X2  -  (0-3)Y2  -  (0-l)Z2  -  (0-0.5) 
RE,  where  X2  =  Cr,  Mn,  Nb,  Ta;  Y2  =  Mo,  W,  Hf,  Zr;  Z2  =  C,  B,  Si;  and 
RE  =  rare  earth  elements.  Ti-43. 5Al-4Nb-lMo-0. IB  (TNM),  which  en¬ 
tered  service  in  2016  through  the  Pratt  &  Whitney  PurePower™  geared 
turbo  fan  engine  LPT  forged  blade,  is  a  third  generation  alloy  with 
enhanced  performance  compared  to  the  second  generation  4822.  A 
refined  as-cast  grain  size  due  to  trace  B  additions  and  a  higher  volume 
fraction  of  high-temperature  P-TiAl  (disordered  body  centered  cubic 
structure)  phase  due  to  balanced  amounts  of  Nb  and  Mo  impart 


enhanced  hot  workability  [3,4].  The  ability  to  minimize  volume  frac¬ 
tion  of  j3-TiAl  (ordered  B2  structure)  phase  via  post-forging  heat 
treatment  provides  balanced  properties  for  TNM  at  room  and  service 
temperatures. 

Coarse-grained  lamellar  microstructures  exhibit  relatively  high 
fracture  toughness  and  creep  resistance,  but  poor  tensile  ductility, 
especially  at  room  temperature.  Fine-grained  duplex  microstructures 
exhibit  low  fracture  toughness  and  creep  resistance  but  moderate  ten¬ 
sile  ductility  at  ambient  temperatures.  This  inverse  correlation  between 
tensile  properties  and  resistance  to  fracture  requires  a  careful  selection 
of  the  microstructure  for  achieving  balanced  engineering  properties 
[1,2, 5, 6].  Previous  studies  on  y-TiAl  have  shown  that  the  fatigue  crack 
growth  rate  da/d/V  and  threshold  level  AKth  are  dependent  on  the 
fabrication  method  and  resulting  microstructure  [7-11].  Studies  have 
also  suggested  that  crack  closure  can  play  a  role  in  the  variation  of 
fatigue  threshold  behavior  and  load  ratio,  R.  Decreasing  the  lamellar 
spacing  decreases  the  creep  rate  while  increasing  the  fatigue  crack 
growth  resistance  and  ductility.  It  is  empirically  known  that  an  increase 
of  grain  size  or  colony  size  increases  the  fracture  toughness  at  the  ex¬ 
pense  of  fracture  strain  in  tension  [12].  The  P  phase  surrounding  a2/y 
lamellae  significantly  impacts  the  fracture  properties  [7]  by  providing  a 
preferential  fracture  initiation  and  growth  path  due  to  its  brittle  nature. 

While  a  two  phase  (y  +  a2)  alloy  with  a  fully  lamellar  microstructure 
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Table  1 

Chemical  compositions  (in  at.  %)  of  program  materials. 


Alloy  Al  Cr  Nb  Mo  B  C  O  Ti 

4822  48  2  2  0.030  0.190  bal 

TNM  43.56  4.05  0.97  0.1  0.008  0.061  bal 


is  used  only  in  cast  product  form  of  4822,  a  three  phase  (y  +  a2  +  P/po) 
TNM  alloy  is  used  in  forged  product  form  with  greater  microstructural 
flexibility.  In  both  alloys,  the  as-cast  microstructure  is  the  foundation 
for  final  product  microstructure  that  significantly  influences  the  per¬ 
formance.  Prior  work  by  the  present  co-authors  on  as-cast  4822  de¬ 
monstrated  that  R  and  orientation  significantly  influence  da/dN  and 
fracture  behavior  [13].  A  strong  dependence  of  da/dN  upon  the  applied 
stress-intensity  range  AFC  was  reported  and  Paris  law  slope  m  values 
greater  than  10  were  observed  [13].  High  m  values  significantly  reduce 
the  predicted  component  life  and  require  the  applied  AFC  levels  to  re¬ 
main  below  the  fatigue  threshold  AFCth  in  order  to  prevent  significant 
fatigue  crack  growth  and/or  failure.  The  objective  of  the  present  study 
is  to  address  the  following  questions: 

i)  Does  a  refined  microstructure  in  as-cast  TNM  change  the  fatigue 
crack  growth  and  fracture  behavior  compared  to  as-cast  4822? 

ii)  Does  R  and/or  orientation  influence  fatigue  crack  growth  para¬ 
meters  in  as-cast  TNM? 

iii)  Does  the  P  phase  in  as-cast  TNM  affect  the  fatigue  crack  growth  and 
fracture  behavior? 

Micro-mechanistic  understanding  of  fatigue  crack  growth  and 
fracture  behavior  was  obtained  based  on  test  data  generated  on  pro¬ 
duction-quality  materials  at  various  R  values  and  orientations  with 
respect  to  the  casting  direction,  corroborated  with  extensive  metallo¬ 
graphy  and  fractography,  and  plastic  zone  size  analysis. 


2.  Program  materials  and  experimental  procedures 

2.1.  Materials 

Second  and  third  generation  gamma  TiAl  alloys  with  nominal  che¬ 
mical  compositions  (in  atomic  percent)  of  Ti-48Al-2Cr-2Nb  (4822)  and 
Ti-43.5Al-4Nb-lMo-0.1B  (TNM)  were  investigated  in  this  study. 
Complete  chemical  compositions  are  given  in  Table  1.  The  4822  was 
cast  at  GE  Global  Research  Center,  Schenectady,  NY  to  a  geometry 
shown  in  Fig.  1.  The  rib  and  gate  were  removed  to  obtain  a  100-mm 
long  rectangular  plate  of  50-mm  width  x  9.5-mm  thickness.  These 
plates  were  bisected  along  the  length  via  electric  discharge  machining 
(EDM)  to  obtain  two  25-mm  width  bend  bars.  Notches  were  placed  to 
enable  cracks  to  propagate  in  the  L-T  and  T-L  orientations.  The  TNM 
alloy  was  cast  into  a  50.8  mm  diameter  x  3353  mm  long  ingot  at  Ar- 
conic  Titanium  and  Engineered  products,  Niles,  OH.  Bend  bars  in  the  L- 
T  and  T-L  directions  were  excised  from  this  ingot  as  shown  in  Fig.  1. 

The  microstructures  (optical  and  SEM)  of  as-cast  4822  and  TNM 
program  materials  at  different  length  scales  are  compared  in  Fig.  2.  The 
average  (y  +  a2)  colony  size  (determined  by  linear  intercept  method)  of 
4822  was  1000  pm  ±  144  pm  and  y  lath  width  was  1.77  ±  0.5  pm. 
TNM  microstructure  consisted  of:  lamellar  (y  +  a2)  colonies  in  the 
20-40  pm  size  range,  y  lath  widths  of  ~  0.2  pm,  and  P  of  ~  9  vol  %  at 
grain/colony  boundaries  (determined  using  image  analysis  software 
MIPAR  [14]). 

2.2.  Mechanical  testing  and  characterization 

Fracture  toughness  and  fatigue  crack  growth  rate  tests  were  con¬ 
ducted  on  single-edge-notched  and  fatigue  pre-cracked  bend  bar  spe¬ 
cimens  prepared  in  accordance  with  ASTM  standard  E399  [15]  and 
E647  [16].  Notches  were  placed  using  a  slow  speed  diamond  wire  saw 
with  a  radius  of  100  pm.  Within  the  constraints  of  available  cast  article 


L-T 


TNM 


L-T 


T-L 

Cast  Directioq 


T-L  (casting  direction) 

Fig.  1.  As-cast  4822  (top)  and  TNM  (bottom)  test  specimens  extraction  plans  in  L-T  and  T-L  orientations. 
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Fig.  2.  Microstructures  of  as-cast  4822  (left)  and  TNM 
(right)  program  materials:  A)  4822  optical  macrograph,  B) 
TNM  optical  macrograph,  C)  4822  optical  micrograph,  D) 
TNM  optical  micrograph,  E)  4822  backscattered  electron 
image  F)  TNM  backscattered  electron  image.  G)  3D  4822 
optical  micrographs,  and  H)  TNM  3D  backscatter  electron 
image.  Optical  micrographs  were  obtained  on  samples 
etched  with  Krolls  reagent.  Phase  contrast  in  backscattered 
electron  images  is:  y-grey,  a2-dark,  and  |3  -  bright. 


sizes,  duplicate  bend  bars  with  the  following  dimensions  satisfying 
ASTM  E399  were  prepared  to  probe  representative  microstructure  vo¬ 
lumes:  4822  L-T  samples  of  100  mm  x  9.5  mm  x  25  mm,  4822  T-L 
samples  of  25  mm  x  9.5  mm  x  12  mm,  TNM  L-T  samples  of 
50  mm  x  20  mm  x  12.5  mm,  and  TNM  T-L  samples  of 
35  mm  x  20  mm  x  12.5  mm. 

Fatigue  crack  growth  rate  tests  were  performed  at  room  tempera¬ 
ture  in  laboratory  air  using  a  closed-loop  servo-hydraulic  testing  ma¬ 
chine  under  cyclic  stress-intensity  (A K)  control  at  a  frequency  of  20  Hz 
and  at  the  load  ratios,  R  =  Kmin/Kmax,  of  0.1,  0.3,  0.7,  and  0.9.  Crack 
growth  rate  was  measured  using  direct  current  potential  drop  technique 
per  ASTM  E647  [16].  Fatigue  threshold,  A PCth,  operationally  defined  as 
the  applied  A K  below  which  da/dN  <  10  _  7  mm/cycle,  was  obtained 
by  using  a  variable  AK/constant-K  load  shedding  scheme.  Cyclic  crack 
growth  results  are  presented  in  terms  of  crack  growth  rate  per  cycle 
(da/cLZV)  as  a  function  of  the  applied  stress  intensity,  A K  =  ( Kmax-Kmin ). 
The  test  was  started  at  a  mid-range  A K  and  used  load-shedding  to  reach 
the  threshold.  The  test  was  then  stopped  and  restarted  at  a  mid-range 
A K  and  the  crack  was  grown  to  failure.  After  failure,  the  Paris  slope  m 


and  Kmax  at  failure  were  determined.  Plane-strain  fracture  toughness 
tests  were  conducted  on  bend  bars  with  notch  length  a  in  the  range 
0.45W-0.55V7  (W  =  specimen  width)  in  accordance  with  ASTM  E399 
[15]  on  a  span  of  30-mm  and  at  a  displacement  rate  of  0.5  mm/min. 
Fracture  surfaces  were  examined  using  a  FEI  Quanta  200  SEM  at  20  kV. 
In  addition,  crack  paths  were  analyzed  using  both  optical  and  back- 
scattered  electron  imaging. 

Tensile  tests  were  performed  on  TNM  using  subscale  tensile  speci¬ 
mens  with  a  double  button  head  design  and  a  gauge  length  of  20.3  mm 
conforming  to  ASTM  E8  [17].  Tensile  tests  were  performed  at  a  strain 
rate  of  10“  3  s-1  and  strain  was  measured  using  a  non-contact  video 
extensometer  (from  UVID™,  LLC).  Tensile  tests  were  not  preformed  on 
Ti4822  and  lack  of  material  prevented  testing. 

3.  Results 

Fatigue  crack  growth  rate  curves  (da/dN  vs  A K)  of  both  alloys  in 
both  L-T  and  T-L  directions  at  R  =  0.1,  0.3,  0.7,  and  0.9  are  presented 
in  Fig.  3.  Fatigue  threshold  AKth,  Paris  slope  m,  and  Kc  =  Kmax  at 
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Fig.  3.  Effect  of  load  ratio  R  on  fatigue  crack  growth  rate  curves  of  specimens  tested  i 


L-T  direction  (top)  and  T-L  direction  (bottom)  of  as-cast  4822  (left)  and  TNM  (right). 


overload  at  various  R  as  well  as  static  notch  fracture  toughness  for  both 
alloys  in  both  orientations  are  summarized  in  Fig.  4.  Both  alloys  ex¬ 
hibited  decreasing  APCth  with  increasing  R,  Fig.  4  and  Table  2.  The  in¬ 
fluence  of  orientation  on  AKth  was  more  pronounced  in  TNM  (compared 
to  4822),  as  evidenced  by  the  rapid  drop  in  A Kth  with  increasing  R,  and 
the  absolute  AKth  values  at  equivalent  R  were  lower  (Fig.  4  and 
Table  2).  The  APCth  at  R  =  0.9  for  4822  is  significantly  lower  than  that 
obtained  at  lower  R,  while  increasing  R  shifted  all  of  the  da/dN-AK 
curves  to  the  left.  Paris  slopes  for  both  alloys  in  both  orientations  in¬ 
creased  dramatically,  from  9  at  R  =  0.1  to  nearly  100  at  JR  =  0.9.  The 
Kc  at  failure  in  fatigue  was  not  significantly  affected  by  R,  as  seen  in 
Fig.  4C.  Tensile  tests  on  TNM  revealed  a  0.2%  yield  strength  of  680  MPa 
and  ultimate  tensile  strength  of  700  MPa  with  less  than  0.5%  plastic 
elongation. 

Typical  fatigue  fractographs  taken  at  different  magnifications  for 
4822  and  TNM  tested  in  the  L-T  and  T-L  orientation  are  compared  in 
Figs.  5  and  6.  Both  alloys  exhibited  brittle  faceted  failure  features  while 
the  4822  exhibited  larger  scale  features  compared  to  the  TNM.  Closer 
examination  of  the  flat  facets  on  the  fracture  surface  in  the  Paris  law 
regime  revealed  an  absence  of  fatigue  striations.  High  magnification 
fractographs  at  catastrophic  overload  in  the  fatigue  tests  and  at  various 
R  and  AK  are  shown  in  Fig.  7.  Fracture  surface  features  in  both  alloys 
were  predominantly  brittle  with  small  amounts  of  local  plastic  de¬ 
formation.  The  influence  of  AK  or  R  on  fractographic  features  is  insig¬ 
nificant.  Fig.  8  shows  a  comparison  of  3D  surface  roughness  profiles  of 
fracture  surfaces  taken  at  intermediate  AK  over  an  area  of  7x7  mm2 
(taken  with  Keyence  VHX-2000  microscope)  for  4822  and  TNM,  both 
fatigue  tested  at  R  =  0.3  in  T-L  orientation.  These  show  a  surface 
roughness  in  the  range  of  800-1750  pm  for  4822  and  only  50-280  pm 


for  TNM.  Fig.  9  shows  a  typical  fractograph  of  TNM  tensile  tested 
specimens.  Brittle  fracture  and  surface  roughness  with  singular  features 
similar  to  those  exhibited  by  the  fatigue  specimens  are  evident. 

Crack  path  analysis  was  performed  on  polished  and  etched  cross- 
sections  of  failed  fatigue  specimens.  An  example  for  a  4822  T-L  sample 
fatigue  tested  to  threshold  at  R  =  0.7  is  presented  in  Fig.  10.  The  crack 
path  shows  interlamellar  and  translamellar  cracking  that  results  from 
the  propagation  of  the  crack  seeking  the  path  of  least  resistance.  The 
crack  follows  the  colony  boundaries  and  lamellae,  causing  the  inter¬ 
lamellar  and  translamellar  cracking  along  with  some  secondary 
cracking.  Crack  path  for  a  TNM  L-T  sample  tested  to  threshold  at 
R  =  0.1  presented  in  Fig.  11  shows  microcrack  propagation  along  P  at 
colony  boundaries,  both  along  the  crack  path  and  subsurface.  Cross- 
sections  of  the  failied  fatigue  specimens  in  the  L-T  direction  at  R  =  0.7 
were  mounted  and  polished  to  show  the  crack  path  on  one  side  of  the 
specimens  as  shown  in  Fig.  12.  The  cross  sections  confirms  what  was 
seen  in  previous  crack  path  analysis. 


4.  Discussion 

The  fatigue  crack  growth  data  reveals  a  significant  effect  of  R  on  the 
magnitude  of  the  AKth  for  4822,  decreasing  from  over  9  MPaVm  for 
R  =  0.1  to  less  than  2  MPaVm  at  R  =  0.9.  At  a  given  R,  the  TNM  shows 
a  lower  AKth  in  both  orientations  compared  to  4822.  Crack  closure  can 
significantly  impact  the  fatigue  threshold  and  one  key  difference  be¬ 
tween  the  4822  and  TNM  relates  to  the  large  differences  in  fracture 
surface  roughness. 

As  discussed  elsewhere  [18],  the  roughness-induced  crack  closure 
arises  due  to  the  linkage  of  mismatched  planes  of  deflected  microcracks 
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Fig.  4.  Effect  of  load  ratio  R  on  A)  fatigue  threshold  AKth,  B)  Paris  slope  m,  and  C)  K  at  overload  failure  Kc  and  notch  toughness  for  4822  and  TNM  in  both  L-T  and  T-L  orientations. 


Table  2 

Cyclic  plastic  zone  size  of  4822  and  TNM  at  threshold  calculated  with  AKth  and  Kmax. 


Orientation 

R 

AKth  (MPaVm) 

Kmax  at  AKth  (MPaVm) 

Radius  of  Cyclic  Plastic  Zone  (pm)  at 
Threshold  using  AK 

Radius  of  Monitonic  Plastic  Zone  (pm)  at 
Threshold  using  Kmax 

4822 

TNM 

4822 

TNM 

4822 

TNM 

4822 

TNM 

L-T 

0.1 

9.2 

8.4,  7.5 

10.2 

9.3,  8.3 

10.6 

1.9, 1.5 

52 

9,  7 

0.3 

8.0 

6.3,  5.6 

11.4 

9,  8 

8 

1.1, 0.8 

65 

9,  7 

0.7 

5.8 

3.8,  5.4 

19.5 

12.6,  17.7 

4.3 

0.4, 0.8 

174 

17,  34 

0.9 

2.2 

1.7 

21.5 

17.8 

0.6 

0.1 

212 

34 

T-L 

0.1 

9.9 

11.1 

2.7 

13 

0.3 

9.4 

8.5 

15.8 

12.2 

6.3 

2 

125 

16 

0.7 

6.0, 6.2 

4.8 

19,  20.9 

16 

4.5, 4.8 

0.6 

182,  216 

28 

_0.9 

1.6, 1.8 

16.1,18.4 

0.3, 0.4 

131,171 

Orientation 

R 

AK  at  overload  (MPaVm) 

Kmax  at  overload  (MPaVm) 

Radius  of  Cyclic  Plastic  Zone  (pm)  at 

Radius  of  Monotonic  Plastic  Zone  (pm)  at 

Overload  using  AK 

Overload  using  Kmax 

4822 

TNM 

4822 

TNM 

4822 

TNM 

4822 

TNM 

L-T 

0.1 

17.5 

17.2,13.2 

19.4 

19.1,14.7 

38.6 

7.8, 4.7 

190 

39,23 

0.3 

8.9 

9.8, 9.5 

12.6 

14,13.6 

9.9 

2.6, 2.4 

80 

21,20 

0.7 

6.1 

4.1, 5.9 

20.2 

13.8,19.8 

4.7 

0.5,1 

208 

21,43 

0.9 

2.2 

1.8 

22.4 

18.3 

0.6 

0.1 

253 

36 

T-L 

0.1 

21.9 

24.4 

13 

64 

0.3 

16.6 

18.4 

18.8 

25 

19.9 

9.2 

286 

73 

0.7 

6.2, 6.9 

5.6 

20.5,23 

18.7 

6.0, 4.8 

10.8 

213,270 

37 

0.9 

1.7, 2.2 

16.8,21.8 

0.4, 0.6 

143,242 
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TNM.Z-r.  fl=0.ll 


Fig.  5.  SEM  fractographs  of  fatigue  specimen  surfaces 
tested  atR  =  0.1  in  the  L-T  direction:  A)  4822  overview,  B) 
TNM  overview,  C)  4822  overload  region,  D)  TNM  overload 
region.  Crack  growth  direction  is  from  top  to  bottom. 
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Fig.  6.  SEM  fractographs  of  fatigue  specimen  surfaces 
tested  at  R  =  0.3  in  the  T-L  direction:  A)  4822  overview,  B) 
TNM  overview,  C)  4822  overload  region,  D)  TNM  overload 
region.  Crack  growth  direction  is  from  top  to  bottom. 


via  a  process  involving  shear  deformation  and  the  fracture  of  thin  li¬ 
gaments.  This  has  been  postulated  as  the  origin  of  roughness-induced 
closure  observed  in  other  Ti  alloys  and  reported  for  TiAl  alloys  with 
large  colony  size  similar  to  the  4822  in  this  study  [19].  The  higher 
fracture  resistance  exhibited  by  the  lamellar  microstructure  is  attrib¬ 
uted  to  the  deflected  crack  path  which  results  in  shear  ligaments  of 
large  length  and  larger  plastic  dissipation  contributed  by  the  fracturing 
of  the  lamellar  ligaments  [5,18,20,21]. 


The  irregular  or  rough  fracture  surfaces  can  induce  high  closure 
loads  at  low  R  when  in-plane  shear  wedges  open  the  crack  at  contact 
points  along  the  crack  face.  The  reduction  in  the  effectiveness  of  this 
closure  mechanism  increases  as  the  crack  tip  open  displacement 
(CTOD)  increases  [22]  and  the  crack  faces  are  held  apart. 

The  effect  of  changes  in  A K  and  Kmax  in  the  fatigue  cycle  on  the 
surface  roughness  can  be  estimated  by  determining  the  plastic  zone  size 
and  examining  how  this  compares  to  the  microstructural  features 
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Fig.  7.  SEM  fractographs  of  specimens  of  specimens  tested 
at  different  load  ratios  and  at  various  A K:  A)  4822,  T-L, 
R  =  0.3,  rising  AK,  B)  TNM,  T-L,  R  =  0.3,  rising  A K,  C) 
4822,  T-L,  R  =  0.7,  at  threshold,  D)  TNM,  T-L,  R  =  0.7,  at 
threshold,  E)  4822,  L-T,  R  =  0.9,  rising  AK,  and  F)  TNM,  L- 
T,R  =  0.9,  rising  AK".  Crack  growth  direction  is  from  top  to 
bottom. 


Fig.  8.  3D  surface  roughness  plot  of  4822  (top)  and  TNM  (bottom)  7  mm  x  7  mm  area  taken  at  intermediate  AK,  both  specimens  fatigue  tested  in  the  T-L  direction  at  R  =  0.3.  For  4822,  a 
peak  of  1750  pm  exists  at  the  top  left  corner  with  troughs  of  800  pm.  The  peak  represents  large  roughness  resulting  from  fatigue  crack  growth  across  a  grain  oriented  in  a  different 
direction  to  adjacent  grains.  TNM  sample  exhibits  a  peak  height  of  approximately  280  pm  and  troughs  of  50  pm. 
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Fig.  9.  SEM  fractograph  (backscattered  electron  imaging  mode)  of  TNM  tensile  specimen 
(yield  strength  =  680  MPa,  plastic  elongation  <  0.5%)  showing  mostly  brittle  faceted 
fracture. 


sampled.  The  monotonic  plastic  zone  radius  in  plane-strain  is  given  by 


6n 


(1) 


where  oQ  is  the  yield  strength  of  the  material  (342  MPa  for  4822  and 
680  MPa  for  TNM)  [23] .  The  plastic  zone  size  under  cyclic  loading  will 
be  smaller  than  that  in  static  loading  and  is  affected  by  reverse  plasti¬ 
city  [23].  As  the  crack  tip  cycles  during  fatigue,  the  plastic  zone  leaves  a 
wake  of  plasticity  behind  the  crack  tip.  This  induces  residual  stress  in 
the  crack  tip  region  and  may  also  play  a  role  in  crack  closure.  The  cyclic 
plastic  zone  radius  is  given  by 


6n 


A  K 


2  a0 


(2) 


The  calculated  size  of  the  monotonic  and  cyclic  plastic  zone  at  A PCth 
and  overload  for  both  4822  and  TNM  A K  and  Kmax  are  given  in  Table  2, 
assuming  plain-strain  conditions.  The  plastic  zone  size  using  Kmax  at 
threshold  for  the  T-L  test  direction  at  R  =  0.3  is  125  pm  for  4822  which 
is  considerably  smaller  than  the  colony  size  (-1000  pm).  For  TNM 
tested  at  R  =  0.3,  the  plastic  zone  size  at  threshold  using  Kmax  is  16  pm, 
which  is  comparable  to  the  colony  size  (-20-40  pm).  Similar  sizes  are 
computed  for  other  R  values  and  orientations  tested  when  using  Kmax. 
However,  the  cyclic  plastic  zone  is  considerably  smaller  than  the  colony 
size  at  the  fatigue  threshold  for  all  of  the  R  values  and  orientations 
tested,  indicating  that  only  a  single  colony  is  sampled  in  the  plane  of 
view,  out  of  -13  colonies  of  4822  and  500  colonies  of  TNM  sampled 
through  the  thickness.  Thus,  the  orientation  of  only  a  few  colonies 
dominates  fatigue  crack  growth. 

The  cyclic  plastic  zone  size  at  A PCth  for  4822  is  only  on  the  order  of 
the  interlamellar  spacing  for  all  R  values  while  the  maximum  plastic 
zone  size  is  still  only  1/5  to  1/10  of  the  colony  size.  The  maximum 
plastic  zone  size  still  does  not  sample  a  full  colony,  suggesting  that  the 
drop  in  threshold  with  increasing  R  is  from  roughness-induced  crack 
closure,  consistent  with  the  high  surface  roughness  shown  in  Fig.  8.  At 
overload,  the  plastic  zone  sizes  at  Kmax  are  still  at  most  only  1/5  of  the 
colony  size  at  all  R  values,  thus  sampling  only  a  few  colonies 
throughout  the  sample  and  producing  similar  values  for  Kmax  at  failure. 

For  TNM,  the  cyclic  plastic  zone  at  threshold  is  on  the  order  of  the 
interlamellar  spacing,  while  the  maximum  plastic  zone  size  approaches 
the  colony  size.  Thus,  at  high  R  values,  the  maximum  plastic  zone  size 
will  sample  a  full  colony  in  the  field  of  view  and  many  through  the 
sample  thickness.  However  this  will  enable  the  crack  to  follow  the 
brittle  beta  phase  present  on  the  colony  boundaries  and  likely  give  rise 


Fig.  10.  Crack  path  in  4822  specimen  fatigue  tested  in  the 
T-L  direction  to  threshold  at  R  =  0.7.  Crack  growth  direc¬ 
tion  is  from  bottom  to  top  with  arrows  in  A,B  pointing  to  the 
crack  path.  Optical  micrograph  (etched  with  Krolls  reagent) 
showing  A)  translamellar  and  interlamellar  cracks  as  well  as 
secondary  cracking,  B)  crack  following  a  colony  boundary, 
and  C)  secondary  electron  SEM  fractograph  in  the  overload 
region  showing  lamellar  splitting  (black  arrow)  and  flat 
brittle  facets  (white  arrow). 
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Fig.  11.  Crack  path  of  TNM  specimen  fatigue  tested  in  the  L- 
T  direction  to  threshold  at  R  =  0.1.  Crack  growth  direction 
is  from  bottom  to  top.  Backscattered  electron  images 
showing  A)  translamellar  and  interlamellar  cracking  with 
the  crack  following  |3  at  colony  boundaries,  B)  secondary 
cracking  and  microcracking  away  from  the  crack  path,  and 
C)  SEM  fractograph  in  the  medium  A K  region  showing 
translamellar  cracking  with  lamellar  splitting  and  inter¬ 
lamellar  fracture. 


4822 

R  =  0.3 


R  =  0.7 


Fig.  12.  (Top)  Crack  path  of  (optical)  4822  L-T  broken 
sample  fatigued  at  R  =  0.3  and  then  R  =  0.7.  Secondary 
cracking  is  seen  and  the  crack  path  follows  the  micro¬ 
structure  and  produces  significant  roughness.  (Bottom) 
Crack  path  of  TNM  (BSE)  L-T  broken  sample  fatigued  at 
R  -  0.3  and  then  R  -  0.7. 


Crack  Growth  Direction 


►  Crack  Growth  Direction 
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Fig.  13.  Kmax  vs.  da/cLZV  curves  of  4822  (left)  and  TNM  (right)  tested  in  L-T  (top)  and  T-L  (bottom)  directions  at  various  R  values. 


to  the  large  effects  of  R  on  the  threshold.  Since  the  surface  roughness  of 
the  TNM  samples,  as  seen  in  Fig.  8,  is  low,  this  limits  any  contribution 
from  roughness-induced  closure.  At  overload,  the  plastic  zone  sizes  at 
Kmax  are  of  the  order  of  the  colony  size  at  all  R  values,  easily  sampling 
the  brittle  beta  regions  on  the  colony  boundaries  throughout  the  sample 
thickness  and  producing  similar  values  for  Kmax  at  failure  for  all  R  va¬ 
lues. 

In  order  to  begin  to  address  the  effects  of  microstructural  features  on 
the  crack  path  as  well  as  the  R  dependence  of  both  AKth  and  m,  the 
fatigue  crack  growth  data  was  first  plotted  as  da/dN  vs  Kmax  as  shown 
in  Fig.  13.  The  data  for  both  4822  and  TNM  do  not  completely  collapse 
onto  a  single  curve,  suggesting  an  important,  but  not  completely 
dominating  effect  of  Kmax  on  the  fatigue  crack  growth  rate.  In  addition, 
m  is  -9  at  low  R  and  approaches  100  at  high  R,  again  suggesting  an 
important  effect  of  Kmax  on  the  crack  growth  rate.  Furthermore,  brittle 
modes  of  failure  and  absence  of  striations  on  the  fatigue  fracture  sur¬ 
faces  support  an  important  role  of  Kmax  on  the  fatigue  crack  growth 
rate.  For  example,  brittle  fracture  surface  facets  roughly  100  pm  in  size 
were  exhibited  by  4822.  While  these  features  are  less  than  the  colony 
size,  they  are  in  the  range  of  the  calculated  plastic  zone  sizes  and  da/dN 
in  certain  regions,  consistent  with  incremental  crack  growth  of  that  size 
in  certain  regions  of  the  fracture  surface. 

The  data  obtained  on  the  4822  and  TNM  exhibit  characteristics  that 
are  similar  to  those  exhibited  by  some  metallic  alloys  [24-26]  and  in¬ 
termetallics  [13],  with  metallic-like  Paris  slopes  in  the  range  3-5  at  low 
R  significantly  increasing  to  >  10  with  an  increase  in  R.  In  these  sys¬ 
tems  it  has  been  shown  that  the  increase  in  m  with  increasing  R  cor¬ 
responds  with  an  increase  in  static  modes  of  brittle  fracture  that  pro¬ 
duce  elevated  crack  growth  rates  that  continue  to  increase  with 
increasing  R.  In  previous  works  [13,23-25],  such  static  modes  of 


fracture  included  intergranular  and  cleavage  failure.  In  the  preset  work, 
the  brittle  fracture  features  in  4822  are  likely  to  contribute  to  large 
increments  in  crack  growth  at  a  given  AK,  and  are  likely  driven  by  Kmax 
as  no  fatigue  striations  were  evident.  In  TNM,  the  crack  path  appears  to 
be  dominated  by  brittle  P  along  colony  boundaries,  also  providing  a 
brittle  crack  path  that  should  be  dominated  by  Kmax  and  not  AK.  The 
continuous  brittle  P  present  around  the  lamellar  colonies  allow  the 
crack,  once  initiated,  to  propagate  unhindered.  Once  the  crack  reaches 
an  end  of  a  lamellar  colony,  the  crack  seeks  a  more  favorable  path, 
producing  interlamellar  and  translamellar  cracking.  These  fatigue  crack 
growth  mechanisms  are  similar  to  those  reported  by  Leitner  in  TNM 
[7]. 

It  must  be  noted  that  the  present  work  was  conducted  on  as-cast 
TNM  material.  Deformation  processing  is  known  to  produce  significant 
effects  on  the  mechanical  behavior  of  intermetallics  due  to  various 
beneficial  microstructure  modification  [27].  Studies  are  underway  to 
understand  the  influence  of  deformation  processing  on  fatigue  and 
fracture  behavior  of  TNM  and  the  present  work  was  conducted  in  order 
to  provide  a  baseline  understanding  of  the  features  affecting  fatigue 
crack  growth  in  the  starting  as-cast  material. 

5.  Conclusions 

The  fatigue  crack  growth  behavior  of  Ti-48Al-2Cr-2Nb  (4822)  and 
Ti-43.5Al-4Nb-lMo-0.1B  (TNM)  in  the  as-cast  condition  were  de¬ 
termined  by  testing  over  a  range  of  R  and  stress  intensity  levels,  in  the 
L-T  and  T-L  directions.  Based  on  the  observations  of  this  investigation, 
the  following  conclusions  were  drawn. 

i)  The  as-cast  4822  had  a  large  (y  +  cx2)  colony  size  (-1000  pm)  and 
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lath  width  of  -1.77  pm  while  the  TNM  had  small  colonies 
(20-40  pm)  and  fine  lamellar  spacing  of  -  0.2  pm. 

ii)  The  fatigue  fracture  surfaces  in  both  alloys  in  both  orientations 
showed  translamellar,  interlamellar,  and  brittle  fracture  features. 
No  fatigue  striations  were  observed  on  the  specimens  tested  in  ei¬ 
ther  orientation. 

iii)  The  fatigue  crack  threshold  was  very  dependent  on  load  ratio.  In 
particular,  increasing  the  load  ratio  had  a  larger  effect  on  reducing 
the  fatigue  threshold  than  reported  for  other  TiAl  materials. 

iv)  The  fracture  surface  roughness  quantified  using  confocal  micro¬ 
scopy  was  large  in  4822  (e.g.  on  the  order  of  the  colony  size 
-1000  pm).  In  contrast,  the  surface  roughness  of  TNM  was  con¬ 
siderably  less  but  similarly  on  the  order  of  the  colony  size 
(20-40  pm).  The  roughness  of  the  surface  in  4822  is  produced  by 
the  cracks  traversing  the  lamellar  colonies  causing  interlamellar 
and  translamellar  cracking.  These  crack  patterns  were  also  found  in 
previous  studies  on  TiAl  containing  a  lamellar  structure,  but  the 
scale  of  roughness  on  the  fracture  was  much  greater  in  the  4822 
than  in  other  versions  including  TNM. 

v)  The  Paris  slope  m  for  as-cast  4822  and  TNM  shows  a  large  depen¬ 
dence  on  R ,  increasing  from  around  9  at  R  =  0.1  to  over 
90  at  R  =  0.9.  Microstructural  effects  on  the  crack  path  were  used 
to  rationalize  this  observation. 

vi)  The  fatigue  threshold,  Paris  slope,  fracture  toughness,  and  notch 
toughness  are  not  measurably  affected  by  sample  orientation  and 
are  similar  for  4822  and  TNM. 
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